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METHODS TO IMPLEMENT SEALING AND ELECTRICAL CONNECTIONS 
TO SINGLE CELL AND MULTI-CELL REGENERATIVE 
PHOTOELECTROCHEMICAL DEVICES 

5 

TECHNICAL FIELD 

This invention relates to single cell and multi-cell regenerative photoelectrochemical 
(RPEC) devices, materials and methods used for electrical connections for such devices, 
and materials and methods used for sealing electrical connections and electrical networks 
10 in such devices. 

Examples of the RPEC cells of the type concerned are disclosed in the following US 
patents: 

4927721, Photoelectrochemical cell; Michael Graetzel and Paul Liska, 1990. 
IS 5350644, Photovoltaic cells; Michael Graetzel, Mohammad K Nazeeruddin and Brian 
O'Regan, 1994. 

5525440, Method of manufacture of photo-electrochemical cell and a cell made by this 
method; Andreas Kay, Michael Graetzel and Brian O'Regan, 1996. 
5728487, Photoelectrochemical cell and electrolyte for this cell; Michael Graetzel, Yordan 
20 Athanassov and Pierre Bonhote, 1998. 

BACKGROUND TO THE INVENTION 

RPEC cells, as of the type disclosed in the above patents, are capable of being fabricated 
in a laminate arrangement between two large area substrates without undue expense. One 

25 typical arrangement involves two glass substrates, each utilising an electrically conducting 
coating upon the internal surface of the substrate. Another typical arrangement involves 
the first substrate being glass or polymeric and utilising an electrically conducting coaling 
upon the internal surface of the substrate, with the second substrate being polymeric. In 
some arrangements, the internal surface of said second polymeric substrate is coated with 

30 an electrically conducting coating, whereas in other arrangements, said second polymeric 
substrate comprises a polymeric foil laminate, utilising adjacent electrically conductive 
material, such as carbon. Also, in some arrangements, the external surface may be a 
laminated metal film, and in other arrangements, the external surfiace may be coated by a 
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metal At least one of said first and second substrates is substantially transparent to visible 
light, as is the attached transparent electrically conducting (TEC) coating. RPEC cells 
contain a photoanode, typically comprising a dye-sensitised, nanoporous semiconducting 
oxide (eg. titanium dioxide known as titania) layer attached to one conductive coating, and 
a cathode, typically comprising a redox electrocatalyst layer attached to the other 
conductive coating or conductive material An electrolyte containing a redox mediator is 
located between the photoanode and cathode, and the electrolyte is sealed from the 
environment. 

Many RPEC single cell and module designs would be advantaged by an increased size of 
individual RPEC cells. However, such TEC coatings, which usually comprise a metal 
oxide(s), have high resistivity when compared with normal metal conductors, resulting in 
high resistive losses for large area RPEC cells, which affects the efficiency of the RPEC 
device especially in high illumination conditions. 

These losses can be reduced by the use of a pattern of electrically conductive material 
(ECM) in the form of bus bars, pads, grid of lines or any other pattern on the TEC 
coating(s). Conduction of electrons into and out of RPEC cells via the electrically 
conductive material typically necessitates penetration of the sealing of said cells by the 
electrically conductive material Such penetration often presents difficulties in maintaining 
the hermetic sealing of said cells. 

The dominant selection criteria for the electrically conductive material deposited upon the 
TEC are cost and conductivity, so the selected material is commonly chemically reactive 
towards the electrolyte of the RPEC cells. Whilst this problem can be overcome by 
application of a sealant over the electrically conductive material, the effectiveness of this 
seal is often compromised by the surface roughness and/or the porosity of the conductive 
coalings, especially with respect to TEC coatings . The inability of the sealant to 
completely fill the surface roughness and/or pores of the conductive coatings, especially 
with respect to TEC coatings, can lead to corrosion of the electrically conductive material, 
and/or to degradation of the electrolyte, thereby reducing the performance of the cells. 

OBJECTIVES OF THE INVENTION 

It is an objective of this invention to provide materials and methods for electrical 
connections for use with RPEC cells and RPEC modules that will overcome the above- 
Substitute Sheet 
(Rule 26) RO/AU 
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mentioned disadvantages in the art. It is a further objective of this invention to provide 
materials and methods for hermetic sealing of electrically conductive niaterial in RPEC 
cells and RPEC modules that will overcome the mentioned disadvantages in the art. 

5 OUTLINE OF THE INVENTION 

This invention provides for electrical connections to be made to said electrically 
conductive coating (including TEC) and/or to said electrically conductive material (ECM) 
via holes in one or both of the substrates, thereby eliminating the need for said electrically 
conductive coating and/or said electrically conductive material to penetrate the hermetic 
10 seal of RPEC cells and modules. 

This invention also provides for the deposition upon said TEC of a network of said 
electrically conductive material with an underlayer of protective material to seal the 
siu-face of the TEC and with an overcoat layer of protective material The thickness of the 
15 underlayer and correspondingly the electrical conduction path length in the underlayer is 
negligible in comparison to that in electrically conductive material The underlayer 
material is selected to be chemically inen towards the electrolyte of the RPEC cells. Such 
network of said electrically conductive material is particularly advantageous for efficient 
collection and distribution of electrons in RPEC cells. 

20 

In order to maximise light exposure for solar cells and to minimise costs, it is of panicular 
importance to minimise the surface area covered by patterns of said ECM. Significant 
effort has been expended to design electrically conducting material patterns to minimise 
said material costs and to minimise said covered surface area. It is a feature of this 

25 invention that location of said electrical connections of the invention may be made 
wherever appropriate, thereby providing a wide range of flexibility in said pattern design 
and hence a wide range of device layouts. For example, a star-shaped busbar design layout 
could utilise a single central electrical connection of the invention compared to the four 
penetrations of the seal required by a conventional design of the same said covered surface 

30 area which would comprise an inverse shape for each arm of the star. Alternatively, said 
conventional design of the same said covered surface area could be connected by four 
electrical connections of the invention, similarly avoiding four penetrations of the seaL 
This invention anticipates a wide range of alternative layouts of said electrically 



Substitute Sheet 
(Rule 26) RO/AU 



wo 00/62315 



PCT/AUOO/00289 



conducting material including the use of smaU lines connected to busbars. Whilst not 
limited to such substrates, the invention is particularly suited to providing electrical 
connections to said ECM deposited upon electrically conducting coatings on glass 
substrates, including transparent electrically conducting (TEC) coatings. Additionally, this 
invention provides for external electrical connection of RPEC cells in series and/or 
parallel to realise well-knovm advantages of performance and reliabUity. 

According to one aspect of the invention, an RPEC cell, that comprises in part, firstly one 
substrate that is successfuUy coated with transparent electricaUy conductive coating, a 
dye-sensitised, nanoporous semiconducting oxide, electrically insulaUng layer, catalytical 
layer and electrically conductive layer and secondly another subsu-ate, whereby one or 
both of said substrates is substantially transparent to visible lighu and one or more holes 
are made through one or both substrates to provide electrical connection to said 
electrically conductive coating and/or electrically conducting layer. In the case where an 
ECM pattern is deposited on to electrically conductive coating and/or electricaUy 
conductive layer Uien said electrical connections are made directiy to ECM. 

According to anotiier aspect of the invention, an RPEC cell tiiat comprises in pan, firstly 
one substrate tiiat is successively coated with an electrically conducting coaling (TEC) and 
a dye-sensitised, nanoporous semiconducting oxide, and secondly another substrate that is 
successively coated with an electrically conducting coating and a redox electrocatalyst. 
whereby one or botti of said substrates and their electricaUy conducting coatings are 
substantiaUy transparent to visible Ught, and one or more holes are made through one or 
both substrates to provide electrical connection to said electrically conductive coating. In 
the case where one or more layouts of an electricaUy conducting material (ECM) are 
deposited upon one or botii of said conducting coatings on said substrates, connection is 
made tiirough tiiese mentioned holes to said first electricaUy conducting material (ECM). 

According to stUl another aspect of tiie invention, an RPEC ceU, that is of tiJe first or 
second aspect of tiie invention contains additionaUy a network of said electricaUy 
conductive material (ECM) with an underlayer of protective material to seal the surfece of 
the TEC and with an overcoat layer of protective material 
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A coating material is optionally applied to coat all or part of the internal surfaces of said 
hole(s) and forms a mechanical bond to said substrates, whereby if said coating material is 
non-conducting (e.g. ceramic glaze) it is not applied to coat said first electrically 
conducting material and whereby if said coating material is electrically conducting it may 
be applied to coat said first electrically conducting material One or more electrical 
conductors ( e.g. pin, wire, solder, conductive paste) are inserted into each said hole(s) and 
said hole(s) are filled with a second electrically conductive material or non-conducting 
material (e.g. ceramic glaze), thereby forming an electrical connection between said 
electrical conductor(s) and said first electrically conducting material, and forming a 
mechanical bond between said electrical conductor(s) and said substrates. The materials 
used in such electrical connection are selected to ensure an impermeable seal to the 
device. A layer of protective material may be deposited over said layout(s) of first 
electrically conducting material (ECM) and thereby also over the electrical connection(s) 
to said first electrically conducting material The invention provides for the optional 
protective material to be applied before or after electrical connection described herein. 

In one preferred embodiment of the invention, layouts of electrically conducting material 
(ECM), such as silver paste, are deposited, e.g. by screen printing, upon the TEC coatings 
of the two glass substrates of an RPEC cell. A hole is made through each coated glass 
substrate to said electrically conducting material by any of the conventional techniques, 
including, but not limited to sand blasting, water jet cutting, laser cutting and drilling. 
Electrically conductive material , such a s silver paste, is appUed to the holes to coat the 
internal surfaces of the holes, to mechanical bond to the substrates and to form electrical 
connections to the TEC coatings and/or to said electrically conducting material deposited 
upon the TEC coatings. An electrical conductor, such as a wire or pin, is then inserted in 
each hole and is electrically and mechanically bonded to the conductive material coating 
the hole by filling the hole with a conductive filler, such as standard silver solder, silver 
paste, particle-loaded conductive polymer and the like. If required, the layouts of 
electrically conducting material deposited upon the TEC coatings of the glass substrates 
may be overcoated by a protective layer, such as a polymer or glass frit coating. 

In another preferred embodiment of the invention, the wires or pins in the previous 
embodiment are replaced by patterns of electrically conducting material deposited upon 
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the non-TEC-coated surface of the glass substrates, where said patterns make electrical 
connections to the conductive material coating the holes and/or the conductive filler in the 
holes. Separate electrical connections may then be made to said pattons at locations 
remote from the holes. 

In another preferred embodiment of the invention, two or more electrical connections, as 
described in the previous embodiment, are made in the device and said pattern in the 
previous embodiment is replaced by one or more patterns of electrically conducting 
material deposited upon the non-TEC-coated surface of the glass substrate, whereby such 
patterns may join two or more said electrical connections and/or may allow separate 
electrical connection(s) to be made to said pattem(s) at a location(s) remote from said 
hole(s). 

This invention not only enables neat electrfcal connections to individual RPEC cells, but 
also enables external electrical connection of individual RPEC cells to form RPEC 
modules, including, but not limited to, external series connection to form modules with 
higher voltages than individual cells and with lower power losses than for some module 
designs where resistive losses in the TEC coatings are higher. 

This invention also provides that the RPEC ceU is as described in the above aspect of the 
invention, except that one or more sealant coatings are applied to part or all of said 
conductive coating(s) to minimise or eliminate contact between the cell electrolyte with 
said layouts of electrically conducting material and said electrical connections, whereby 
such contact occurs through leaks arising from the surface roughness and/or porosity of 
the conductive coating(s) at the junction of said conductive coating(s) and the sealant over 
said electtically conductive material and said electrical connections. 

In one preferred embodiment of the invention, an oxide coating, prepared, for example, by 
a sol-gel dip-coating process, is applied to the TEC-coated glass substrates of an RPEC 
celL In another preferred embodiment of the invention, an oxide coating, prepared, for 
example, by a sol-gel nozzle-deposition process, is applied only to the regions of two 
TEC-coated glass substrates of an RPEC cell upon which said sealant said sealant coatings 
were to be deposited and upon which said electrical connections were to be formed. In 
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both of the immediately preceding embodiments of the invention, the oxide coating may 
comprise, but not be limited to, indium tin oxide, fluorine-doped tin oxide, doped zinc 
oxide, cadmium stannate, titania, lead zirconium titanate and such like, thereby resulting 
in reduced surface roughness and/or porosity of the conducting coating(s), and whereby 
5 the seal is leak-tight at the junction of said conductive coating(s) and said sealant over said 
electrically conductive material and said electrical connections. In both of the 
immediately preceding embodiments of the invention, the conductivities of the oxide 
coatings are such that increases in the cell resistances arising from these coatings do not 
significantly affect RPEC device performance. 
10 DESCRIPTION OF THE DRAWINGS 

Having broadly portrayed the nature of the present invention, embodiments thereof will 
now be described by way of example and illustration only. In the following description, 
reference will be made to the accompanying drawings in which: 

15 Figure 1 is an enlarged partial transverse section of the electrical connection 

formed in accordance with a chosen example of the invention. 
Figure 2 is an enlarged partial transverse section of the electrical connection 
formed in accordance with another chosen example of the invention. 
Figure 3 is an enlarged partial transverse section of the region surrounding two 

20 electrical connections that form an external series connection for a RPEC module 

formed in accordance with a chosen example of the invention. 

DETAILED DESCRIPTION 

With reference to Figure 1, the RPEC module compromises a glass substrate (1) which is 
25 coated with a transparent electron conductor (TEC) (2). This TEC layer is selectively 
isolated (3) to separate each individual cell Titania (4) is deposited onto the TEC glass 
layer followed by a ceramic oxide spacer layer (5) and a carbon based catylist/conductor 
layer (6). The assembly is sensitised with a Ruthenium dye and a redox electrolyte. A 
conductive metallic foil pad (9) is conductively bonded to the TEC layer and a second 
30 substrate • metallic/polymer backing laminate (7,8) with preformed holes (10) is sealed 
over the RPEC device, exposing the conductive pad (9) through holes (10) in the second 
substrate (7,8). A connector pin (1 1) is then attached to the foil pad to make an electrical 
connection 
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With reference to Figure 2, the RPEC cell comprises two glass substrates (1), both of 
which are coated with TEC layer (doped tin oxide) (2) and patterned conductive material 
(12) (Silver). An underlayer (13) of indium tin oxide is deposited between sealant layer 
5 (14) (low lead glass frit) and TEC layer. Holes (10) through the substrates and coatings 
have been made by laser drilling from the non-coated glass surface. The internal surface 
of the holes in the glass and coatings and a small area on the non - coated surface of the 
glass have been coated by a separate application of silver paste (15) that is bonded to 
substrate (1) and is electrically connected to said pattern of conductive material (12). 
10 Standard copper connectors (16) are bonded to the substrates (1) and electrically 
connected to said silver layer (15). The holes are sealed with silicone based sealant (17). 
The first substrate is coated by a layer of titania (4) and dye sensitised; thin 
electrocatalytical layer of Platinum (18) is deposited on to the second substrate. The RPEC 
cell is sealed by polymeric sealants (19) and filled with an elecurolyte (20). 

15 

With reference to Figure 3, a glass substrate (1) is coated with a transparent electronic 
conductor (TEC) coating (2), a screen printed titania coating (4) and a screen printed strip 
of glass firit silver paste (21). A hole through the substrate and coatings has been made by 
sand blasting from the non-coated glass surface. The internal surface of the hole in the 
20 glass and coatings has been coated by a separate application of silver paste (22) that is 
bonded to the substrate (1) and is electrically connected to said strip of silver paste (21). 
A standard copper connector (23) is electrically and mechanically bonded to said silver 
" paste coating (23) by a conductive filler of silver solder (24). Strips of polymeric sealant 
(25) are overlaid upon said strip of silver paste (21) as a protective overlayer. 

25 

With reference to Figure 4, this portion of the RPEC module comprises two glass 
substrates (1,17), both of which are coated with a transparent electron conductor (TEC) 
coating (2,16) and strips of underlayer coating (3,15). The TEC layers are selectively 
isolated (9,14) in order to electrically separate each individual cell The cathode 
30 comprises a platinum electrocatalyst (10) deposited on one TEC coating (2), the 
photoanode comprises ruthenium dye-sensitised titania (13) on the other TEC coating 
(16), and an electrolyte (11) containing a redox mediator is located between the substrates. 
All of the aforementioned materials, except the underlayer coatings, are described in more 
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detail in US Patent 5350644. Busbars of glass firit silver paste (4) are screen printed on the 
underlayer coatings. Holes through the substrates and coatings are made by sand blasting 
from the non-coated glass surfaces. The internal surfaces of the holes in the glass and 
coatings have been coated by separate applications of silver paste (6). Two ends of a 
standard copper connector (7) are electrically and mechanically bonded to the silver pastes 
(6) by silver solder (8). Protective strips of polymeric material (5) arc deposited upon the 
busbars. An impermeable surlyn seal (12) separates the electrolytes in the individual 
RPEC cells. 

EXAMPLES 

Example 1 (see Figure I) 

Standard window glass with a doped tin oxide TEC film is selectively isolated using a CO^ 
laser. A titania paste is then screen printed and fired in a belt furnace. A ceramic oxide 
spacer layer is also screen printed over the titania and fired in a belt furnace. A carbon 
based catylist layer is then screen printed as to overlap the TEC glass isolation and the 
three layers are then fired once more in a belt furnace. The module is then placed in an 
alcohol solution of cis-[bis thiacyanato bis[4,4-dicarboxy-2-2-bipyridine Ru(n)] sensitiser 
at room temperature for several hours and then rinsed and dried with nitrogen. An 
electrolyte containing an iodide/triiodide redox couple is then placed dropwise onto the 
dyed layers and allowed to soak in as pads of thin copper foil (3mm x 3mm) are 
conductively bonded to the TEC glass using a conductive paste. A laminate material 
consisting of an Aluminium backing and surlyn polymer is preformed with holes to be 
positioned over the copper pads. The laminate material is then placed over the module and 
heat sealed using a hot stamping technique. The copper pads, which are now accessable 
through holes in the laminate, are connected to copper wires using a conductive silver 
epoxy. 

Example 2 (see Figure 2) 

With reference to Figure 2, The RPEC cell comprises two glass substrates (1), both of 
which are coated with TEC layer (doped tin oxide) (2) which is isolated using a pulsed 
YAG laser. Patterned conductive silver material (7) is screen printed and fired. A 
protective layer (6) of indium tin oxide is deposited between conductive material and TEC 
layer prior to screen printing. A polymeric sealant layer (8) is deposited over the 
conductive material. Holes (9) through the substrates and coatings are made by laser 
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driUing from the non-coated glass surface. The internal surface of the holes in the glass 
and coatings and a small area on the non - coated surface of the glass has been coated by a 
separate application of sUver paste (10) that is bonded to substrate (1) and is electricaUy 
connected to pattern of conductive material (7). Standard copper wires (11) are bonded to 
the substrates (1) and electrically connected to the silver layer (10). The holes are sealed 
with silicone based sealant (13). A titania paste (3) is then screen printed and fired in a belt 
furnace. The titania electrode is Oien placed in an alcohol solution of cis-[bis tiuacyanato 
bis[4,4-dicarboxy-2-2-bipyridine Ru(n)] sensitiser at room temperature for several hours 
tiien rinsed and dried in nitrogen. A thin electrocatalytical layer of Platinum (4) is 
deposited on to second substtate and fired. . An impermeable surlyn seal (12) is applied to 
separate the elecu-olytes in the individual RPEC cells and seal from the environment. The 
RPEC cell is fUled with an elecuolyte (5) Uirough a hole (not shown) and sealed by a 
silicone based sealant 

Elxample 3 

As ^own in Figure 3 
Example 4 

The following example is illusurative only, and otiier deposition methods, uses, adaptations 
and features of tiie invention will be apparent to tiiose of ordinary skill in the art. 
Manufactur Pi of nrotecfivft oxide laver. 

Diethanolaraine in tiie amount of 323g is placed with mixing into the first container of 
2917g of dry isopropanol. Titanium alkoxide in the form of Ti(OC, H,)., in the amount of 
873g is placed witii ndxing into the first container. Water in tiie amount of Ulg is placed 
witii mixing into the second container of 868g of isopropanoL The water/isopropanol 
solution in tfie second container is slowly placed witii mixing into tiie first container. The 
final solution is applied to tiie substrate wifli a conttoUed tiiickness by dip coating. Upon 
withdrawal of the substrate into a controlled humidity atmosphere in which tiie humidity is 
maximised witiiout allowing condensation, evaporation and hydrolysis simultaneously 
occur, leaving a residue. The coated substrate is heated at about 80 degrees C. for 30 
minutes. The coated substrate is tiien heated at about 50 degrees C. per minute to about 
500 degrees C. for about 20 minutes, and is tiien cooled at a similar rate, Le., 50 degrees 
C. per minute. The result is a clear, hardened and transparent layer. 
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Two such coated substrates were used to manufacture an RPEC cell as described above. It 
was found that initiai cell efficiency was virtually identical when compared to an RPEC 
cell manufactured without the oxide coating of the invention, and that the cell using the 
invention did not show degradation over three months, whereas the cell manufactured 
without the oxide coating showed degradation from corrosion of die silver grid lines. 
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CLAIMS 

L A regenerative photoelectrochemical (RPEC) devise comprising two substrates , 
wherein: 

- one or both substrates are transparent and are coated with transparent electrical 
conductor (TEC) layen 

- one or more layers of porous wide band gap semiconductor is/are applied to 
selected area of said TEC layer and sensitised with dye 

- electrolyte is placed between said two substrates; 

- hole(s) made in one or both said substrates to enable external electrical 
connection(s) to said RPEC device 

2. The RPEC device according to claim 1, wherein said hole(s) is(are) made in a 
substrate to enable external electrical connection(s) to said TEC layer of this substrate; 

3. The RPEC device according to claim 2, wherein a pattern of first electrically 
conductive material (ECM) is deposited on TEC layer, overlapping the hole(s) in the 
substrate, but not overlapping with said selected area of said TEC layer; said external 
electrical connections are made to said ECM pattern; 

4. The RPEC device according to claim 3 wherein said first ECM comprises one or more 
of thin or thick film(s) of electrical conductor(s), electrical tape(s), metal pad(s) or 
electrical wires that are bonded to and in electrical contact with said TEC layer; 

5. The RPEC device according to claim 4, wherein protective material is applied over 
said first electrically conductive material to protect said ECM from electrolyte of said 
RPEC cell; 

6. The RPEC device according to claim 5, wherein thin underlayer is placed on TEC 
layer to seal the surface of the TEC layer with an overcoat layer of said protective 
material 

7. The RPEC device according to claims 2 or 3 wherein one or more electrical 
conductors ( e.g. pin, wire, solder, conductive paste) are inserted into each said hole(s) 
and said hole(s) are filled with a second electrically conductive material or non- 
conducting material (e.g. ceramic glaze), thereby forming an electrical connection 

Substitute Sheet 
(Rule 26) RO/AU 



wo 00/62315 



PCT/AUOO/00289 



13 

between said electrical conductor(s) and said first electrically conducting material, and 
forming a bond between said electrical conductor(s) and said substrates and sealing 
said hole(s); 

8. The RPEC device according to claim 3, wherein ECM coating is extended to coat ail 
or part of the internal surfaces of said hole(s) and provide said external electrical 
connection(s) and whereby said hole(s) are filled with the same or a second electrically 
conductive material or non-conducting material (e.g. ceramic glaze), forming a bond 
with said ECM coating and sealing said hole(s); 

9. The RPEC device according to claim 1, wherein said hoIe(s) are made in a first 
substrate to provide external electrical connection(s) to the area other than selected 
area(s) of said TEC layer of the opposing (second) substrate; 

10. The RPEC device according to claim 9 wherein an ECM layer is deposited on said 
other area(s) and comprises one or more of thin or thick film(s) of electrical 
conductor(s), electrical tape(s), metal pad(s) or electrical wires that are bonded to and 
in electrical contact with said TEC layer; 

11. The RPEC device according to claim 9 or 10, wherein electrical wire(s) or pin(s) 
insened into hole(s) of the first substrate is(are) electrically connected to said ECM 
of the second substrate; 

12. The RPEC device according to claim 11, wherein said wire(s) or pin(s) is(are) 
partially coated with electrically insulating layer 

13. The RPEC device according to claim 1 1, wherein said wire(s) or pin(s) is(aie) partially 
coated with protective layer to prevent corrosion of the electrical connector. 
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